Pulse arrival time measurements over fourteen years with the Nanshan 25-m and Parkes 64-m radio telescopes have been used to determine the average profile and timing properties for PSR J1757−2421 (B1754−24). Analysis of the radio profile data shows a large variation of spectral index across the profile and an unusual increase in component separation with increasing frequency. The timing observations show that PSR B1754−24 underwent a large glitch with a fractional increase in spin frequency of ∆ν g /ν ∼ 7.8×10 −6 in May 2011. At the time of the glitch there was a large permanent jump in the rotational frequency accompanied by two exponential recovery terms with timescales of 15(6) and 97(15) days, respectively.
INTRODUCTION
Pulsars are rapidly rotating and strongly magnetised neutron stars that radiate beams tied to the rotating star through their magnetic fields. Frequent timing observations over months and years can give an accurate model for the spin behaviour of the neutron star. Although pulsars are generally precise clocks, the timing observations have detected the two types of instability of pulsar rotation, glitches and timing noise. A glitch is characterised by abrupt increase in the rotation frequency of pulsar, usually accompanied by an increase in the spin-down rate. This event is often followed by an exponential recovery towards the extrapolation of the pre-glitch behaviour. Up to now, more than 400 glitch events have been detected in at least 140 pulsars, with more than 200 having been published since 2010
1 . Observed fractional glitch sizes range from ∼ 10 −10 to ∼ 10 −5 with a bimodal distribution, where the peaks lie around 2 × 10 −9 and 10 −6 respectively (Yuan et al. 2010a; Espinoza et al. 2011; Yu et al. 2013) .
Since the phenomenon was first detected in the Vela pulsar (Radhakrishnan & Manchester 1969) , there has been ⋆ E-mail: yuanjp@xao.ac.cn 1 http://www.atnf.csiro.au/people/pulsar/psrcat/(version 1.54, Manchester et al 2005) ; http://www.jb.man.ac.uk/pulsar/ glitches.html a lot of effort to uncover the glitch mechanism, nevertheless, it is not fully understood. The early studies suggested that glitches result from crustquakes in the neutron star (e.g., Baym & Pines 1971) . When the starquake model proved unviable, it was suggested that glitches are triggered by decoupling and recoupling of vortices between the crust and inner superfluid, resulting in the transfer of angular momentum to the crust (e.g., Anderson & Itoh 1975; Alpar et al. 1981) . Glampedakis & Andersson (2009) suggested that an r-mode instability may trigger a global unpinning of vortices leading to a glitch. The vortex unpinning model can explain the various aspects of large glitches and post-glitch behaviour (e.g., Haskell & Antonopoulou 2014) , but Zhou et al. (2014) have revived the starquake model, suggesting that material is transported from the equator to the pole, causing the star spin up, with large jumps ofν/ν ∼ 10 −6 possible.
Timing noise is a continuous, erratic fluctuation of the observed pulsar period, usually modelled as a red noise process in the timing residuals with a correlation on time-scales of months to years. Timing noise may result from a random walk in the pulse phase, spin or spin down, which would give power-law spectra for the timing residuals (S(f ) ∝ f α ) with spectral indices α = −2, −4 or −6 respectively (Boynton et al. 1972 ). But there is some argument that it cannot simply be modelled as a random walk (e.g., Cordes & Downs 1985; Hobbs et al. 2010 ). It may be generated by various intrin- sic sources, such as superfluid turbulence (Greenstein 1970; Melatos & Link 2014) , microglitches (Cordes & Downs 1985; Melatos et al. 2008) , variable coupling between the crust and liquid interior or pinned and corotating regions (Alpar et al 1986; Jones 1990) , fluctuations in the spin-down torque (Cheng 1987; Urama et al 2006) , postglitch recovery (Johnston & Galloway 1999) , magnetospheric state switching (e.g., Lyne et al 2010) , asteroid belts (Cordes & Shannon 2008) , evolution of the magnetic inclination angle (Yi & Zhang 2015) and fluctuations in the magnetosphere (Ou et al. 2016) . PSR J1757−2421 (B1754−24) was discovered during a 1974 pulsar survey with Parkes 64m radio telescope (Komesaroff 1974) . This star has a spin period P = 0.234 s and period derivativeṖ = 1.29×10 −14 s s −1 . It has a characteristic age τc = P/(2Ṗ ) = 2.87×10 5 yr and a surface dipole magnetic field strength of 1.76 × 10 12 G. Hobbs et al. (2005) obtained a proper motion of PSR J1757−2421 in ecliptic longitude of −17(5) mas yr −1 from pulse timing observations. Even though PSR J1757−2421 is energetic with a spin-down power (Ė) of 4.0×10 34 erg s −1 and it is on the list of gammaray pulsar candidates for the Fermi Telescope (Smith et al. 2008) , there is no report of detection of gamma-ray emission from this pulsar 2 . In this article, we report on the pulsar profiles and timing behaviour for PSR J1757−2421, especially the large glitch which occurred in 2011.
OBSERVATIONS
In the pulsar timing program carried out with the Nanshan 25-m radio telescope located in Xinjiang, China, observations were taken with a receiver which has a bandwidth of 320 MHz centred at 1540 MHz. The monitoring of PSR J1757−2421 was conducted with an observing cadence of three times per month and a 16-min duration. Early observations prior to 2010 were taken using an analogue filterbank (AFB) with 128×2.5 MHz subchannels and are described in Wang et al. (2001) . After January 1, 2010, data were also obtained with a digital filterbank (DFB) which was configured to have 8-bit sampling and 1024×0.5 MHz channels which more than cover the 320 MHz receiver bandwidth. The data are folded on-line with sub-integration times of 1 2 https://confluence.slac.stanford.edu/display/GLAMCOG/ Public+List+of+LAT-Detected+Gamma-Ray+Pulsars min for the AFB and 30 s for the DFB, then written to disk with 256 bins across the pulse profile for the AFB and 512 bins for the DFB. The timing data presented were collected between January 6, 2000 and March 4, 2014 as detailed in Table 1 .
Timing data from the Parkes 64-m radio telescope are also included, where the observations were carried out between December 2000 and February 2013 with a central observing frequency close to 1.37 GHz. Several observations of this pulsar were also made with the 10-cm receiver which has a bandwidth of 1024 MHz centred at 3094 MHz. An analogue filterbank and a series of digital filterbanks are used to acquire the raw data which are openly accessible via the CSIRO Data Access Portal 3 ). The data were reduced using the psrchive pulsar analysis system (Hotan et al. 2004 ) to remove radio-frequency interference, and to dedisperse and average the multi-channel data to form mean pulse profiles. The times of arrival (ToAs) of pulses were derived by cross-correlation with templates or standard profiles which were obtained by summing all available data for each system. After that, the timing analysis was performed with the pulsar timing package tempo2, . The pulse ToAs at the observatories were referred to the solar system barycenter (SSB) employing the solar system ephemeris DE421 (Folkner et al. 2008) . Then the ToAs at the SSB were fitted with the standard model of the pulse phase, φ(t), as a function of time, t:
where φ0 is the phase at time t0 and ν,ν andν are the spin frequency, frequency derivative and frequency second derivative respectively. A glitch will result in an additional pulse phase modelled by the equation :
where tg is the glitch epoch and ∆φ is an offset of pulse phase between the pre-and post-glitch data. The glitch event is characterised by permanent increments in the spin frequency ∆νp and first frequency derivative ∆νp and a transient frequency increment ∆ν d which decays exponentially with a time scale τ d . Since ToA uncertainties are often underestimated because of instrumental and physical effects, an additional term was added in quadrature to the ToA uncertainties. Quoted uncertainties are twice the formal standard deviation given by tempo2 (Tables 3 and 4 ). The offsets between Nanshan AFB data, Nanshan DFB data and Parkes data are estimated using tempo2. There are no obvious offsets between the different DFB systems at Parkes. Timing solutions are quoted in the TCB system referenced to TT(BIPM2013) 4 .
ANALYSIS AND RESULTS

Pulse profiles
Average pulse profiles are formed by adding the aligned preglitch data. The profiles at 1369 MHz, 1540 MHz and 3094 MHz are shown in Figure 1 , where the pulse peaks are normalised to unity. We average the Nanshan DFB and Parkes profiles to 256 bins to match the Nanshan AFB data. At all three frequencies the trailing component is dominant, but the leading component is relatively much stronger at 3094 MHz. At 1540 MHz, the width of pulse at 50% of peak (w50) is 11.02 (14) ms, which implies a duty cycle of ∼ 4.71(6)%. It is useful to fit the observed profiles by Gaussian components using For most pulsars, the radio spectrum at frequencies above about 1 GHz obeys a power law S ∼ ν α r , where νr is the radio frequency and the observed spectral index α is generally between −1.5 and −1.8. The relative phase-resolved spectral indices shown in Figure 4 are determined using the normalized profiles at 1369 MHz, 1540 MHz and 3094 MHz (Figure 1 ). The on-pulse region is taken to be where the signal exceeds three times the baseline rms noise for all frequencies. As the Nanshan observations were not calibrated, we determine absolute spectral indices using the Parkes 1369 and 3094 MHz data, flux-calibrated using associated obser- Table 2 . Parameters of the fitted Gaussian profile components for PSR J1757−2421, I i is the amplitude of the ith Gaussian component, φ i is the peak phase, and w i is the full width at half peak. vations of Hydra A. Figure 4 shows that the spectral index for the leading component (phase 0.43 -0.45) is close to zero, whereas the central and trailing components have a much steeper spectrum with α ∼ −4.0. The spectral index has its minimum value between the central and trailing components.
The glitch in PSR J1757−2421
We adopt the astrometric parameters and dispersion measure obtained by Hobbs et al. (2005) with the position and proper motion fixed in this analysis. It is not possible to ob- Table 3 . To examine the spin behaviour of PSR J1757−2421, the spin frequency ν and frequency derivativeν were derived from independent fits to short sections of data, each of which typically span ∼ 60 d. Figure 5 shows an overview of the spindown of PSR J1757−2421, indicating that a large glitch with ∆ν ∼ 33×10 −6 Hz occurred between MJD 55697 and 55708 (May 16, 2011 and May 27, 2011) . Assuming a glitch epoch of MJD 55702 and using the data between MJD 54515 and 55795, the spin parameters are extrapolated to the glitch epoch with the pre-and post-glitch solutions given in Table  3 . It is noted that here we don't take the exponential decays into account. Then, the glitch parameters are estimated by calculating the fractional jump in ν andν, which results in ∆νg/ν ∼ 7809(2) × 10 −9 and ∆νg/ν ∼ 67(16) × 10 −3 . The frequent timing observations of this pulsar make it possible to track the recovery process relatively thoroughly.
For this pulsar, the residual frequencies and frequencyderivatives have been obtained from the values at the various epochs by subtracting the pre-glitch models. Figure 5(b) is obtained by the subtraction of the mean frequency values on each side of the glitch epoch. Although most of the frequency jump persists beyond the end of the data span, the expanded plot shown in Figure 5 (b) and the plot ofν presented in Figure 5 (c) show that there is an initial exponential decay.
Because of the large amplitude of the glitch, the final re- Hz. Post-fit residuals from the fit are shown in the upper panel of Figure 6 . It is obvious from this plot that there is an additional initial decay with time constant ∼15 days. Fitting for the two decay terms gives ∆ν d1 ∼ 4.5(23) × 10 −8 Hz and τ d1 = 15(6) d, ∆ν d2 ∼ 7.3(8)×10
−8 Hz and τ d2 = 97(15) d. Residuals for this fit shown in the lower panel of Figure 6 demonstrate that the observed ToAs over this data span are very well modeled by increments in ν andν together with two exponential decays with time constants around 15 and 100 days, respectively. The resulting glitch parameters are given in Table 4 . These values are a little larger than those obtained with the extrapolation method which doesn't take the exponential recovery into account. Figure 5(a) shows that the permanent jump in the frequency is dominant. The fitted ∆νp =33.263(6) ×10 −6 Hz, which implies that 99.65% of the initial frequency jump does not decay. For this event, the degree of recovery (Q = ∆ν d /∆νg), where ∆νg = ∆νp +∆ν d1 +∆ν d2 , is very small with Q ∼ 0.35(9)%. This is consistent with earlier results that show small values of Q, typically around 0.01, are commonly detected in large glitches (Yu et al. 2013) .
The activity parameter for glitching pulsars is defined as Ag = 1 T ∆νg ν , where T is the total data span (McKenna & Lyne 1990) . A value of Ag ∼ 0.55×10 −9 d −1 is obtained for PSR J1757−2421, assuming that it has glitched once since it was discovered in 1974 and that the 39 years 
since then is the average glitch interval. Figure 5 (c) shows that there is also a permanent jump in frequency derivative (ν) ofνp ∼ −1.8(4) × 10 −15 s −2 . This is small with the fractional increase ∆νp/ν ∼ 0.76(9)%, less than the value of 1.7% found by Lyne et al. (2000) to represent most glitches. The total increment inν is given by
This gives ∆νg/ν = 0.196(56), much larger than the permanent increment, but with large uncertainty because of the uncertainties in the decay parameters. Figure 7 presents the pre-glitch timing residuals relative to a solution containing the spin frequency ν, first derivativeν and second derivativeν for PSR J1757−2421. It is obvious that there is significant red timing noise. The parameter ∆8 was introduced by Arzoumanian et al. (1994) to quantify the magnitude of timing noise. Its value is calculated as
Timing noise
where the spin-frequency, ν, and its second derivative,ν, are measured over interval of t = 10 8 s (about 3 yr). As the pre-glitch data set for PSR J1757−2421 spans over 11 yr, we obtained four values by fitting over four 3-yr segments, obtaining ∆8 ranging from −2.33(1) to −1.27(3). It was known that the ∆8 parameter is strongly correlated with the spin-down rate, with ∆8 = 5.1 + 0.5 logṖ being obtained by Hobbs et al. (2010) . For PSR J1757−2421 witḣ P = 12.9 × 10 −15 s s −1 , this relation has a value of −1.84, consistent with the measured values. Coles et al. (2011) presented a method for analysing correlated timing noise. This procedure estimates the covariance matrix of timing residuals using generalized leastsquares fitting. The covariance matrix is used to perform a linear transformation based on the Cholesky decomposition of the covariance matrix that whitens both the residuals and timing model. Spectral leakage in the presence of strong red Table 3. timing noise is minimized with pre-whitening using a difference filter. The low-frequency noise can be fitted with a power-law model
, where f is the modulation frequency, A is the amplitude, α is the spectral exponent, and fc is the corner frequency. Through an iterative process, updated estimates of the spectrum can be achieved by using Lomb-Scargle periodogram after whitening the data using the Cholesky decomposition of the covariance matrix. Figure 8 presents the spectrum of the pre-glitch timing noise in PSR J1757−2421. The low frequency noise is well modeled by a power-law with corner frequency of 0.18 yr −1 and spectral exponent of α ∼ −5.9, which is close to −6. For the post-glitch data, in order to avoid the impact of the post-glitch recovery, we analyse the spectrum of the residual between MJD 55822 (100 days after the glitch epoch) and 56720. Figure 8 shows the spectrum of the postglitch timing noise, which is modeled on a power-law with spectral exponent of α ∼ −6.2 and a corner frequency of 0.4 yr −1 . Although, the corner frequency and spectral exponents are to some degree empirical, these indices suggest that both the pre-glitch and post-glitch noise can be modelled as a random walk in the spin-downν. Figure 8 . The observed power spectra of the pre-glitch timing noise (red) and post-glitch timing noise (blue) for PSR J1757−2421. The fitted noise models are shown as dashed lines with the spectral exponents presented.
DISCUSSION
The observations presented here show that the pulse profile exhibits strong frequency evolution. In numerous early investigations, it was found that the pulse component separation often decreases with increasing frequency (e.g. Thorsett 1991) . This is usually interpreted in the context of the "magnetic-pole" model (Radhakrishnan & Cooke 1969) as "radius-to-frequency" mapping (e.g., Cordes 1978) with the lower frequencies being emitted at greater altitudes above the magnetic pole. However, Chen & Wang (2014) found that quite a few pulsars (19% of 150 normal pulsars) showed wider profiles at high frequencies. Figure 3 shows that PSR J1757−2421 is clearly a member of this minority group. The average pulse profile of PSR J1757−2421 is characterised by three components whose relative strengths vary with frequency with the leading component having a much flatter spectral index. At high frequencies the conal component, generated from the outer parts of the open field-line bundle, tends to dominate the profile (e.g., Lyne & Manchester 1988) . Such kind of profile evolution may lead to partial cones at certain frequencies or the broadening of the inner cone width at high frequency in the inverse Compton scattering model (Qiao & Lin 1988) . Wang et al. (2014) account for it as an asymmetrical spectral distribution across the flux tubes in the pulsar magnetosphere. This is the first detection of a glitch in the energetic pulsar PSR J1757−2421 since it was discovered in 1973. This is a Vela-like event with a relative amplitude of ∆νg/ν ∼ 7.8 × 10 −6 , identifying it as large glitch. Such a large event has not been previously detected in pulsars with characteristic age τc ∼ 3 × 10 5 yr. Most of the large glitches are detected in pulsars with characteristic ages smaller than 10 5 yr. For those radio pulsars with characteristic ages in the range 2.3×10 6 to 3.2×10 6 yr, similar to PSR J1757−2421, only two (PSRs J1743−3150 and J1825−0935) have glitched, and these were small glitches (Espinoza et al. 2011) . However, large glitches have been detected in some pulsars older than PSR J1757−2421, such as J0358+5413 (Espinoza et al. 2011) .
For the glitch in PSR J1757−2421, the permanent jump in the spin frequency is dominant, with Q ∼ 0.35%, which is consistent with the small Q usually seen in large glitches. PSR J1757−2421 shows an exponential recovery following the glitch with two identifiable decay terms having time constants of approximately 15 d and 97 d respectively. Including PSR J1757−2421, five pulsars have shown evidence of two exponential decay terms in one event as listed in Table 5 . where the shorter term ranges from 3 d to 22 d, and the longer range from 14 d to 332 d. Because observational gaps are often several weeks, there could be more fast decays (with time scales less than 20 d) which have been missed. In this case, the magnitude of the jumps in ν andν could be much larger.
The theoretical understanding of pulsar glitches includes trigger mechanisms which seek to explain how the glitch originates and to predict glitch sizes, waiting times and their distributions, and relaxation mechanisms which explain the behavior and timescales of the post-glitch recovery. For large glitches, a popular model is a vortex unpinning process in the superfluid components of the star (Anderson & Itoh 1975; Alpar et al. 1984) . The observed post-glitch exponential recoveries have been explained as the re-establishment of an equilibrium between pinning and un-pinning in a vortex-creep region interior to a neutron star (Alpar et al. 1993; Lyne et al. 2000) . Link et al. (1999) have defined a coupling parameter, G = 2τcAg, which equals the minimum fraction of the moment of inertia that transfers angular momentum to the crust in glitches. Since Ag for PSR J1757−2421 is ∼ 0.55 × 10 −9 d −1 , the corresponding G is ∼ 11%. Chamel (2005 Chamel ( , 2012 found that the effect of entrainment makes it very difficult to move superfluid neutrons relative to the crust lattice. As a result, Andersson et al. (2012) and Chamel (2013) found that the previous calculations of Link et al. (1999) underestimate by a factor of about four the moment of inertia required by observed glitches and that the superfluid reservoir in the crust of neutron stars is insufficient to produce the observed size and frequency of glitches. For PSR J1757−2421, it requires a reservoir comprising ∼ 45% of the total moment of inertia. Delsate et al. (2016) calculated the crustal moment of inertia of glitching pulsars by employing a series of different unified dense-matter equations of state and found values less than 20%. Although the computed G for PSR J1757−2421 may be an over-estimate since only one glitch has been detected, this result suggests that transfer of angular momentum from the core superfluid may be required to account for the large glitch in this relatively old pulsar.
